Parametric Inversion of Spin Currents in Semiconductor Microcavities 
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The optical spin-Hall effect results in the formation of an antisymmetric real space polarization 
pattern forming spin currents. In this paper, we show that the exciton-polariton parametric scat- 
tering allows us to reverse the sign of these currents. We describe the pulsed resonant excitation of 
a strongly coupled microcavity with a linearly polarized pump at normal incidence. The energy of 
the pulse is set to be close to the inflexion point of the polariton dispersion and the focusing in real 
space populates the reciprocal space on a ring. For pumping powers below the parametric scattering 
threshold, the propagation of the injected polaritons in the effective magnetic field induced by the 
TE and TM splitting produce the normal optical spin-Hall effect. Keeping the same input polar- 
ization but increasing the pump intensity, the parametric scattering towards an idler and a signal 
state is triggered on the whole elastic circle. The injected particles are scattered toward these states 
while propagating radially all over the plane, gaining a cross linear polarisation with respect to the 
pump during the nonlinear process. Eventually, the propagation of the polaritons in the effective 
field results in the optical spin Hall-effect, but this time with inverted polarization domains. 

PACS numbers: 71.36.+c,71.35.Lk,03.75.Mn 



I. INTRODUCTION 

In the domain of the mesoscopic physics, spintronics^ 
is currently one of the most promising areas. The main 
idea of this discipline is to control the spin of individual 
carriers, based on their quantum properties, which could 
have a huge impact on future information technologies. 
Although currently spintronics rely on giant magneto- 
resistance effect in metals only, there are good perspec- 
tives that in future devices, which now still remain at the 
stage of the theoretical modeling, other effects will find 
their way to practical implementations. One of the most 
serious obstacles resides in the dramatic role played by 
the processes of spin relaxation. 

In this context, it was proposed that the optical coun- 
terpart of spintronics, namely spin- Optronics^ could rep- 
resent a valuable alternative, since the corresponding 
characteristic decoherence times are orders of magnitude 
longer than those of electrons and holes 3 -. The enti- 
ties under study in spinoptronics arc exciton-polaritons^ 
which are the elementary excitations of semiconductor 
microcavities within the strong coupling regime. Being 
a mixture of quantum-well excitons and cavity photons, 
they possess numerous peculiar properties distinguish- 
ing them from other quasi-particles in mesoscopic sys- 
tems. They inherit a very light effective mass from their 
photonic component which allows their ballistic propa- 
gation at large velocities^. Their excitonic part allows 
them to interact efficiently with each other giving birth 
to strong nonlinear phenomena such as the bistability£, 
the optical parametric oscillations^ or the formation of 
an interacting quantum fluid of light^ and its topological 
excitations^—. 

Importantly, from the point of view of their spin struc- 
ture, polaritons can be considered as a two-level system, 



analogous to electrons^. The two allowed spin projec- 
tions ±1 correspond to the two opposite circular polar- 
izations of the counterpart photons. As for any two-level 
system, one can introduce the concept of the pseudospin 
vector S for the description of the polarization dynamics 
of polaritons. In full analogy with the case of electrons 
in the context of spintronics S undergoes a precession 
caused by effective magnetic fields, arising from intrinsic 
or extrinsic polarization splittings^. 

Most of the recent developments in spin-optronics and 
prospects for its future applications^ are based on the 
spectacular progresses of the last decades in the engi- 
neering of nanoscale systems and experimental investi- 
gation of their optical and transport properties, which 
revealed remarkable novel spin and light polarization 
effects^. Among them is the optical analog of the spin- 
Hall effect, proposed in 2005^, later on observed exper- 
imentally several tiniest— and recently re-investigated 
theoretically- 2 ^. The spin-Hall effect (SHE) for electrons 
consists in the generation of pure spin currents perpen- 
dicular to the electric current in 2D electron systems 2 ^. 
There exist two variants of this effect: the extrinsic 
SHE22 provided by the spin- dependent Mott scattering 
of propagating electrons on impurities and the intrinsic 
generated by the spin-orbit interaction (SOI) of 
the Rashba type, which results in the appearance of the 
/c-dependent effective magnetic field rotating the spins of 
the propagating electrons. The optical spin-Hall Effect 
(OSHE) is analogical to the intrinsic SHE. The role of 
Rashba SOI in this case is played by TE-TM splitting 
of the polariton mode^i that however doesn't break the 
time reversal symmetry due to its peculiar wavevector 
dependence. 

In this paper we show that the spin currents created by 
the OSHE can be fully inverted under proper excitation 
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of the polaritonic states. This phenomenon occurs when 
the parametric scattering of polaritons is triggered over 
an elastic circle at the magic angle in reciprocal space. 
The final signal and idler states gain a linear polarization 
that is rotated by 7r/2 with respect to that of the pump 
state subsequently inverting the spin domains over the 
whole cavity plane. 

II. OPTICAL SPIN-HALL EFFECT 

It is well known that due to the long-range exchange 
interaction between an electron and a hole, for excitons 
having non-zero in-plane wavevectors, the states with 
dipole moments oriented along and perpendicular to the 
wavevector are slightly different in energy 2 ^. In micro- 
cavities, this splitting is amplified due to the exciton cou- 
pling with the cavity mode^ and can reach values of up 
to 1 meV. The TE-TM splitting results in the appearance 
of a fc-dependent effective magnetic field H; t provoking 
the rotation of polariton pseudospin S = (S x , S y , S Z ) T . 
It is oriented in the plane of the microcavity and makes 
a double angle with respect to the wavevector: 

H tt (k) = A u (k)(cos20,sin20) T (1) 
A K (k) - 3t(k)-£,(k) (2) 

where <p is the polar angle. We remind that the S x and 
S y components correspond to linear polarization of the 
polariton emission while the S z component stands for the 
circularly polarized states. We measure H in energy units 
and E t and Ei are the dispersion relations of the TE and 
TM polarized polaritons [see Eq.(|12p]. This orientation 
is imposed by the symmetry of the TE and TM states 
over an elastic circle. For example, along the x direction 
X-polarized polaritons are TM while they are TE along 
the y direction and reciprocally for Y"-polarized particles. 
For particles propagating without scattering with a given 
value of k and in the absence of spin relaxation, the dy- 
namics of S is governed by a simple vectorial precession 
equation : 

OS (t) _ H, t (k) x S (t) 

&t ~ h [6) 

corresponding to an undamped Landau-Lifshitz equa- 
tion. The redistribution of the polaritons in the recip- 
rocal space, provoked e.g. by impurity scattering, leads 
to a change in the direction of the rotation of pseudospin 
and can result in the formation of polariton spin currents 
in the plane of the microcavity. As an example, consider 
the original geometry of the OSHE in which the flux of 
A"-polarized particles having a pseudospin So = S x u x 
and a wavevector k = ku x hits an impurity that redis- 
tributes the particles over the elastic circle. One can 
easily see from Eqs. (|3ll[ ) that the precession amplitude 
of S is maximal when S_LH; t , namely in diagonal di- 
rections, while there is no precession at all in x and y 
directions where the vectors S and H; t are (anti)parallcl. 



Consequently, the polarization of the emission becomes 
strongly dependent on the scattering angle <f>. This leads 
to the appearance of alternating centro-symmetric circu- 
larly polarized domains in the four quarters of the (x, y) 
plane (diagonal directions) in both direct and reciprocal 
spaces^ (equivalent for radial fluxes) [see FigsQJa) an d 
[31(b)] . The formation of these domains is a direct conse- 
quence of the onset of spin currents^ that are crucial in 
the context of designing the future spinoptronic devices. 
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FIG. 1: (Color online) (a) Scheme of the microcavity illustrat- 
ing the pumping geometry. The X-polarized (green double 
arrow) injected polaritons propagate radially outward form 
the narrow/pulsed pump spot and form circular polarization 
domains (colormap) [see also Fig[3]. (b) TE (purple surface) 
and TM (blue surface) lower polariton branches (their energy 
splitting has been emphasized for clarity). The red disk il- 
lustrates the pump (p) excitation close to the inflexions of 
the branches [see Eq.©] that are both excited due to the X- 
polarized pump and the smallness of the spot in real space. 
The green disks mark the signal (s) and idler (i) states ap- 
pearing when the OPO is triggered. The red arrows point 
an example of OPO process occurring along ^-direction: Two 
pump polaritons from one branch are scattered toward the sig- 
nal and idler states of the other branch, (c) Space-integrated 
densities of the X (solid blue line) K-polarized (dashed pink 
line) particles and the sum of the two (dashed-dotted black 
line) revealing the polarization inversion occuring after 25 ps 
and reaching its maximum at 35 ps. The vertical dashed lines 
mark the times at which the snapshots of FigO where taken. 

Instead of using disorder scattering, it is possible to 
use a pump spot focused in real space to excite the po- 
lariton dispersion on a rin g 17 i 20 ' 27 ' 28 . The requirement 
is that the quasi-resonant injection laser, positioned at 
normal incidence (k p = 0), is blue detuned from the bot- 
tom of the polariton branch. The resulting polaritons are 
then propagating radially outward from the spot with a 
kinetic energy Ek = huj p , where w p is the laser frequency 
[see FigfIJa,b)]. This setup allows to obtain a homoge- 
neous and isotropic distribution together with the pos- 
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sibility of investigating nonlinear regimes where disorder 
is screened. 

The asymptotic analytical solution of the Schrodinger 
equation for a stationary distribution of the polariton 
spinor field tp(r, </>) = ip-) T can be obtained for the 
case of a Dirac delta source^ - at r = 0: 

^ = /^i e -# r cos e * r + isin0e lfctr l e- r/ro (4) 

V nk r 

ih_ = JM± e +i* \ C os(/)e lkir -isiri(f>e lktr ]e- r/ro (5) 

V nkor 

Here No is the population imposed by the source de- 
pending on the intensity of the pump, ro = hkor/m* is 
a mean decay length where r, m* and fco = (ki + k t )/2 
are the polaritons lifetime, effective mass and mean ex- 
citation wavevector respectively with k\ t = yj2mi t uip/fi 
corresponding to the TM (I) and TE (t) waves respec- 
tively. From Eqs. (|4l5p we immediately obtain the cor- 
responding distribution of circular polarization degree of 
the polariton emission p c = (n+ — nS)j (n+ + n_) where 
n± = \ip±\ 2 : 

p c (r, 4>) = sin [(ki - k t )r] sin [2</>] (6) 

revealing the alternating polarization domains. We see 
that p c is periodic function of both the radial and the 
angular coordinates. The corresponding radial frequency 
v r = (ki — kt)/2n is associated with the strength of the 
TE-TM spitting An while the azimuthal one v$ = tt is 
imposed by the symmetry of the effective magnetic field 
Hit . Interestingly, each circular polarization extremum 
is associated with a phase dislocation while the total den- 
sity n+ + n_ remains smooth. This is characteristic of a 
skyrmion as found in Refl20l. 

III. POLARIZATION INVERSION 

The OSHE is a linear effect which does not involve 
polariton-polariton scattering. However, taking into ac- 
count these nonlinear processes can bring qualitative 
changes to the related polarization textures and spin 
currents patterns. We have recently shown that in a 
regime where the interactions are dominant, the polariza- 
tion currents become strongly focused and the skyrmions 
turn into half-solitons 2 ^. This effect is due to the spin- 
anisotropy of polaritons self-interactions: The polaritons 
having the same spin projection interact much more effi- 
ciently than polaritons with opposite spin a 29 ' 30 , the latter 
process being of the second order. Moreover, the corre- 
sponding matrix elements can have opposite signs. This 
feature is responsible for number of spin dependent non- 
linear effects such as polarization multistability 3 -!, self- 
induced Larmor precession 3 - 2 -, linear polarization build up 
in polariton condensates^ 3 - and the inversion of linear po- 
larization in polariton parametric scattering^ 4 -. The lat- 
ter effect is central for the purposes of the present paper 
as we will see now. 



Due to the their hybrid nature, the shape of the lower 
polariton branch is strongly non-parabolio^, which leads 
to the appearance of the so-called magic angle close to the 
inflexion point characterized by the wavenumber k p . Two 
identical polaritons with k = k p can scatter to singlet 
states with k s = and k^ = 2k p conserving both the 
momentum and the energy: 

E (2k p ) = 2E (k p ) (7) 

Therefore, under quasi-resonant pumping at the magic 
angle, the system is driven into the so-called optical para- 
metric oscillator regime^ (OPO). We note that with in- 
creasing pump power, the injected mode becomes more 
and more blucshifted due to polariton- polariton inter- 
actions and therefore the final state selection can be 
power dependent* 3 -^. In polarization resolved OPO ex- 
periments under linearly polarized excitation, the final 
states where found to be cross polarized with respect to 
the pump 34 i 36 which was theoretically explained using 
semi-classical spin-dependent kinetic equations contain- 
ing the terms of spin- anisotropic polariton- polariton 
scatterin g 14 i 32 i 38 . Later on, it was shown that the effect 
of polarization inversion is universal and can be exper- 
imentally observed in other pump geometries, e.g. in 
two pump horizontal parametric scattering 3 -^ Combined 
with the pseudospin rotation provided by effective TE- 
TM field, the effect of parametric polarization inversion 
can lead to dramatic changes in the pattern of spin cur- 
rents as we will sec in the next section. 



IV. THE MODEL 

We consider the disorder-free microcavity pumped by 
a laser spot strongly localized in the real s pac e. Differ- 
ently from the situation considered in Refl27l we take 
into account nonlinearities provided by spin-anisotropic 
polariton-polariton interactions and focus on the regime 
where the system is driven to OPO. 

In the absence of the TE-TM splitting, the polaritons 
eigen modes are degenerated and fully isotropic in the 
2D space Ei(k r ) = E t (k r ). Therefore using the pumping 
scheme described in Sec|TT] [Figflja)] while carefully se- 
lecting the pump energy it should actually be possi- 
ble to reach the stationary OPO condition over the whole 
elastic circle (ring OPO) under cw excitation. This would 
give rise to a trichromatic nonlinear polariton cloud ex- 
panding radially from the localized excitation spot. How- 
ever, when the energy splitting is taken into account, as 
it should be, the TE and TM modes gain slightly differ- 
ent effective masses and and on the linear polar- 
ization basis, the dispersion branches Ex (k) and £V(k) 
become anisotropic. This is immediately seen from the 
basis transformation 

/ E x (k r ,k,j > ) \ _( cos(fc ) sin(fc ) \ / Ei (k r ) \ 
yE Y (k r ,k,p) J ~ l v -sin(fc ) cos(fc ) J y E t (k r ) J 

(8) 
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FIG. 2: (Color online) Time integrated (over 100 ps) X (a,c) 
and Y (b,d) dispersions along the k x (a,b) and k y (c,d) direc- 
tions. The white lines are fits using Eqs. (|12[) and the dashed 
yellow frames highlight the signal (s), pump (p) and idler (i) 
states [see FigQJb)]. 



It means that exciting the system with a linearly po- 
larized beam, induces a dependence of the OPO condi- 
tion on azimuthal angle fc^. To overcome this angular 
anisotropy wc propose to use a pulsed excitation pro- 
viding a sufficient energy broadening to encompass the 
magic point for any azimuthal directions. We model 
the quasi-resonant polariton injection with a set of spin- 
dependent and driven/dissipative equations for the pho- 
tonic 4>(r,t) and excitonic x(r,t) fields coupled via the 
strong light matter interaction characterized by the Rabi 
splitting fin = 10 meV: 
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x 

ailx±| 2 + a 2 \x^f\ X± - 7^~X± (10) 



Here r x = 400 ps and = 20 ps are the lifetimes 
of excitons and photons respectively. The functions 
P + (r 7 t) = P_(r,i), corresponding to the X- linear po- 
larized pump spot, are 2 /im large and 20 ps long spatio- 
temporal Gaussians. The energy of the pump Huj p is 
blue detuned by an energy S (defined below) from the 



?ri0 = 5 x 10 _5 mo are the effective masses of the exci- 
tons and cavity photons respectively (mo is the electron 
mass) . 

The constant /? = ti 2 / 4(1 / m^ — l/m^) defines the mag- 
nitude of the photonic TE-TM splitting with = m^ 

and = 0.95m^ being the effective masses of the TE 
and TM polarized photonic modes. The corresponding 
terms give rise to the in-plane effective magnetic field 
Hir(k). The constants ot\ = 6 x 10~ 3 meV-^m 2 and 
a-2 = — 0.2«i define the strength of the interaction be- 
tween polaritons of the same and opposite circular polar- 
izations respectively. All the values of the parameters we 
consider are typical for GaAs based microcavities. 

To find the OPO condition we need to know the bare 
dispersion relations of the linearly polarized modes. We 
first find the dispersion relations for the TE and TM 
polariton modes diagonalizing the 2x2 Hamiltonian cor- 
responding to the exciton-photon coupling 
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(11) 



where E 1 ^ = h 2 k 2 /2m 1 ^ are photonic dispersions for 
TE and TM polarized modes, and E x — ti 2 k 2 /2m x 
is the excitonic dispersion, for which wc supposed the 
longitudinal- transverse splitting to be negligibly small. 
The resulting polariton dispersions are given by the well 
known expressions 



Ei, t (k r ) 
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(12) 



which reveal the strong nonparabolicity in the vicinity of 
the inflexion point. The transformation to the basis of 
X and Y polarized states can then be done using Eq. (J8j) . 

The energy of the angle dependent OPO conditions is 
found from the solution of Eq.©- For the previously 
defined parameters, we obtain that depending on the an- 
gle kij, the magic point lies in the interval of energies 
AEopo = [—3.88,-3.78] meV and the corresponding 
interval of wavevectors Akopo = [1.49, 1.58] /im" 1 . In 
the numerical simulations we then impose a detuning 
5 = 1.17 meV. We consider an intermediate pump power 
slightly above the OPO threshold in order to remain in 
a regime where the interactions are not dominant and to 
avoid the onset of the strong spin focusing^. Finally, we 
note that Eqs. (|9ll0[) don't allow for spontaneous scatter- 
ing by themselves and to trigger the OPO process, we 
have added to them an additional term corresponding to 
a weak background gaussian-correlated noise. A weak Y 
polarized probe at k = could be used as well^. 



V. RESULTS AND DISCUSSION 

The results are presented in FigsQJc), H] and [31 The 
panel (c) of FigfT] shows the space integrated photonic 



5 




x (|jm) x (|jm) 

FIG. 3: (Color online) Degrees of linear pi (a,c) and circular 
p c (b,d) polarization of the photonic polariton components 
shown before (a,b) (t — 15 ps) and after (c,d) (t = 45 ps) the 
polarization inversion. The double arrows show the polariza- 
tion directions that are rotated by tt/2 between (a) and (c) in 
cross directions. In the diagonal directions the circularly po- 
larized domains are inverted between (b) and (d) highlighting 
the spin current inversion. 

density of the X (solid blue line) , Y (solid pink line) po- 
larized polariton and the sum of the two (black line) ver- 
sus time revealing the X-polarizcd pulsed excitation and 
the polarization inversion produced by the OPO. Indeed, 
initially the polariton emission is mainly X-polarized un- 
til the OPO stimulation becomes strong from about 25 
ps, when it starts to be dominated by the Y polarization 
due to the rotation of the pseudospin of the scattered 
polaritons. 

The FigJ^Jshows slices of the X and Y dispersions [pan- 
els (a,c) and (b,d) respectively] along the k x and k y di- 
rection [panels (a,b) and (c,d)] integrated over 100 ps. 
These representations capture most of the OPO and in- 
version features in a single representation. We clearly see 
the pump (p) state in the X-component and the signal 
(s) and idler (i) states appearing in the Y component. 
Note that although we pump with X-polarized light, the 
pump state is slightly visible in the ^-component as well. 
This is simply due to the X to Y polarization conversion 
provided by TE-TM splitting away from the spot prior 
the inversion [blue regions in FigJSJa)]. 

The Fig [3] shows the degrees of linear pi = 
3?(</>+(/>i)/(n0+ + n^-) [panels (a,c)] and circular p c = 
(n^ + — n0_)/(n0 + + n^-) [panels (b,d)] polarization of 
the photonic component (the quantity measured experi- 
mentally) at t = 15 ps and t = 45 ps respectively (vertical 
dashed lined in FigQJc)). Before the polarization inver- 
sion (onset of the OPO) [panels (a,b)] the diagonal polar- 



ization domains are those expected for the linear OSHE, 
while as soon as the OPO is triggered [panels (c,d)], at 
the edges of the spot the X-polarized pump polaritons are 
instantly converted to the y-polarized polaritons in the 
signal and idler states. We then have a situation equiva- 
lent to the excitation in Y polarization corresponding to 
So = — S x u x . Consequently, as can be seen from Eq.Q 
the pseudospin precession is reversed under S — > — S 
and the circular polarization domains become inverted 
(er_|_ f>a_) which corresponds to an inversion of the spin 
currents. Importantly, the outgoing nonlinear waves are 
bichromatic and have two different wavevectors associ- 
ated to the signal and idler states, which explains the 
interferences visible in the panel (d). The pump state is 
emptied due to the pulsed excitation [see FigQJc)]. The 
dominant contribution to the measurable photonic com- 
ponent is the signal state since the /c-dependent photonic 
fraction F^(k) of polaritons decreases from 0.5 in the sig- 
nal to less than 0.1 in the idler. It can be easily checked 
finding the eigenvectors of M/ it and yielding 

4f2| - AE lit (AE t , t + yjAEfj + 4^) 



where AE l>t = E 1 / - E x . When the OPO scattering oc- 
curs, most of the emission comes from the y-polarizcd 
signal state close to k = 0, which explains why the po- 
larization domains become more extended in real space 
[compare panels (b) and (d)]. Indeed, the fc-dependent 
precession becomes slower [see Eqs. (|2ll2[> ] in this state as 
expected for a reduced value of Au(k). 

We should stress that we worked in a regime where the 
compression of the polarization domains due to nonlin- 
caritics is weak which corresponds to the formation of a 
skyrmion lattice in terms of Refl20l. Therefore, we con- 
sider the interval of pump powers intermediate between 
the linear regime considered in Refl27l and strongly non- 
linear regime considered in Refl2p|. Interestingly, during 
the inversion the phase singularity of each skyrmion is 
transferred from one component to the other. Addition- 
ally, one can expect that a further increase of the pump 
in the OPO regime would lead to the focusing of the in- 
verted spin currents. This would actually compete with 
the relatively small group velocity in the signal state that 
makes the polaritons decay before the non-linear effects, 
that trigger the spin focusing, start to play a strong role. 

VI. CONCLUSIONS 

In summary, we have shown that the optical paramet- 
ric oscillations can be triggered on a whole elastic cir- 
cle in planar microcavities under pulsed excitation. This 
regime is associated with the onset of linear polarization 
inversion leading to the inversion of the spin currents of 
the optical spin-Hall effect. Together with the effect of 
nonlinear focusing described earlier in ReflU we have 
proposed two mechanisms allowing to control the spin 



6 



currents in semiconductor microcavities which could be 
crucial for future spinoptronic applications. 
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